Abstract A novel route was introduced to synthesize dense polyacrylamide (PAM) onto the glass slide surface. To investigate the surface chemistry of the PAM on the glass slides, X-ray photoelectron spectroscopy (XPS) was utilized to obtain detailed chemical state information on the PAM layer constituents. The XPS peak data were consistent with the presented model of the PAM on the glass slide surface. Scanning electron microscopy and atomic force microscope data indicated the presence of PAM on the glass slides, which consist of nodules. The results showed that PAM was successfully immobilized onto glass slides with a twotier structure under aqueous condition and a monolayer structure under anhydrous condition. Compared with those under aqueous condition, the controllability of the molecular layer on glass slides and the reproducibility under anhydrous condition were much better, which makes anhydrous condition an advisable condition for the study of the reaction mechanisms of glass slides modified by PAM.
Introduction
Glass slides have a wide range of applications in life scientific research. However, the glass slides could not fully meet experimental requirements, for silicon-oxygen bond on the glass slides without surface activation is stable and lacks sufficient chemical activity. Therefore, in recent years, glass slide surface modification research is gradually arousing researcher's interest. Surface modification with small molecules alone or in combination with short molecular chains is the main approach in a heterogeneous immunoassay. Compared with small molecules, functional polymers offer many advantages for surface activation. First, polymers carry abundant functional groups, which can be used for covalent and high-density probe immobilization. Second, it is easy to control surface properties by selecting suitable polymers. Moreover, the long chain of polymers can work as a spacer between a probe and a substrate, which helps to preserve native sample conformation, so as to reduce steric hindrance and to improve accessibility of probes for analysis.
The most popular way to prepare reactive coatings on glass surfaces is based on the formation of self-assembled monolayers of alkylchlorosilanes or alkylalkoxysilanes, which bear a variety of active groups like amine, thiol, and epoxy [1] . The silanization method is relatively inexpensive and easy to prepare and handle, but its low loading capacity and serious nonspecific adsorption restrict its application in sensitive protein assays [2] . Randomly oriented ZnO nanorod-coated glass slides were constructed as a substrate to improve the performance of a protein microarray through high protein loading capacity and significant fluorescence amplification [3] . Clusterassembled TiO x nanostructures [4] , multiwalled carbon nanotubes [5] , and 3-D silica nanopillar bundles [6] also have been developed to immobilize on glass slides. In addition, in situ grown polymer brushes can function as attractive alternatives to pre-synthesized polymers/copolymers because their thickness, roughness, and hydrophily can be easily controlled by adjusting monomer components and polymerization conditions. Furthermore, polymer brushes of poly[oligo(ethylene glycol)methacrylate] and poly(dimethylacrylamide-co-N,Nacryloyloxysuccinimide) were grafted on glass slides as supporting matrixes for chip-based immunoassays [7, 8] .
Currently, with the development of biotechnology and materials science, amino-modified glass slides in immune biodetection [9, 10] , polymer-coated materials [11] , and so on show great potential applications.
Silane coupling agents are commonly used to activate surfaces for subsequent immobilization of biomolecules, but this method cannot meet the requirement of the number of surface amino. Therefore, a new route is introduced to synthesize dense amino polymers on the glass slide surface, and the different experimental conditions, including the effects of reaction temperature, reaction time, concentrations of acrylamide (AM) and the catalyst, may all provide different outcomes of polyacrylamide (PAM) quality in terms of surface morphology and thickness. The solvent of reaction is still a major factor to determine nodule density and surface morphology. Amino-modified glass slides could be characterized by Fourier transformation IR [12] [13] [14] , X-ray photoelectron spectroscopy (XPS) [11, 15] , scanning electron microscopy (SEM), atomic force microscope (AFM), and so on. These characteristics can tell the information about the number of amino, amino layer thickness, amino density, and bonding structure of the surface modification of glass slide. It is an excellent new example of applied surface science.
Experimental

Materials
AM was purchased from the Tianjin Huadong Chemical Reagent Plant. Thionyl chloride (SOCl 2 ) was obtained from the Tianjin Guangfu Fine Chemical Research Institute. Anhydrous ethanol, tetrahydrofuran (THF), cerous ammonium nitrate (CAN), hydrochloric acid (HCl), and ammonium hydroxide (25 wt%) were purchased from the Beijing Chemical Company. Ethylenediamine and hydrogen peroxide (H 2 O 2 ) were available from the Tianjin Chemical Reagent Plant and the Shanghai Chemical Reagent Plant, respectively. All reagents were in analytical grade and were used without any purification.
Hydroxylation of glass slides
For AFM, XPS, and SEM measurements, the glass slides were cut to a size of 1.0×1.0 cm 2 . All glass slides were sonicated for 30 min in soapy water made from deionized water and glass cleaner and for another 30 min in deionized water again. Glass slides were then treated in the following steps: washing with a base solution consisting of 1:1:5 (v/v) of 30 % H 2 O 2 , 28~30 % NH 3 ·H 2 O, and distilled water at 80°C for 5 min; rinsing with 10 mL of 30 % H 2 O 2 ; washing with an acid solution consisting of 1:1:5 (v/v) of 30 % H 2 O 2 -conc. HCl-distilled water at 80°C for 5 min; and rinsing again with 10 mL of 30 % H 2 O 2 . The glass slides were then rinsed with methanol, dichloromethane, and diethyl ether, sequentially, and at last, were dried in an oven overnight at 150°C.
Ethylenediamine modification of glass slides
Dried hydroxyl-functionalized glass slides were reacted with excess neat SOCl 2 (50 mL) at 70°C for 24 h. The residual SOCl 2 was removed by distillation under reduced pressure at 30°C. The glass slides were washed three times with anhydrous THF and dried in a vacuum at room temperature for 5 h. Then, the glass slides were reacted with 50 mL of ethylenediamine at 100°C for 2 days. After cooling to room temperature, the glass slides were washed with anhydrous ethanol for five times to remove excess ethylenediamine. Finally, the ethylenediamine-modified glass slides were dried at room temperature overnight in a vacuum.
Immobilization of polyacrylamide onto glass slides
For the surface-initiated graft polymerization, dried ethylenediamine-modified glass slides were put into 100 mL of deionized water for 30 min. Then, 10 mL of 1 M aqueous solution of acrylamide was added. After deaeration of the system by bubbling nitrogen, 0.5 mL of 0.2 M solution of CAN in 1 M nitric acid was slowly added to initiate graft copolymerization. Graczyk and Hornof [16] reported that stirring speed was an important variable in determining percent conversion of monomer to polymer during graft polymerization. Therefore, the reaction mixture was stirred at a constant rate to avoid the effect of stirring on the rate of graft copolymerization. The polymerization was conducted at 30°C under dry nitrogen for some times. The PAM grafting glass slides were washed with distilled Characterization SEM images were taken on the JEOL JSM-6701 F scanning electron microscope. XPS measurement was carried out on the PHI-5000CESCA system with Mg K radiation (hr = 1,253.6 eV). The X-ray anode was run at 250 W, and the high voltage was kept at 14.0 kV with a detection angle at 540. All the binding energies were calibrated using the containment carbon (C 1 s=284.6 eV). AFM images were recorded using the Nanoscope IIIa multimode atomic force microscope.
XPS
XPS was used to determine the surface compositions of the glass slides. The samples were mounted onto a stainless steel sample holder and fixed in place with copper clips and stainless steel screws. The XPS system was equipped with an analyzer and a detector. The observed volume was given by a diameter of the photon beam at the sample surface about 10 mm 2 and the information depth of the method used. Wide-survey and narrow scans of C 1 s, O 1 s, N 1 s, and Cl 2p were recorded at 20 eV pass energy.
Atomic concentrations were determined while accounting for photoelectron cross-sections, asymmetry parameters, the inelastic mean free path, and experimentally determined transmission function of the energy analyzer. To avoid the expected ion beam-induced modification of atomic composition in the investigated volume, the sample surfaces were analyzed without sputter cleaning.
SEM
The field emission scanning electron microscopy images were obtained on the JEOL JSM-6701 F field emission scanning electron microscope. Because the conductivity of the samples was not sufficient for SEM, the samples were loaded on the surface of a copper substrate which was previously sputter coated with a homogeneous gold layer charge dissipation during the SEM imaging. SEM images were examined using the JEM-1200EX (JEOL, Japan) microscope. All experiments were conducted at room temperature.
Results and discussion
Elemental composition
The elemental surface composition of the glass slide under different conditions is shown in Fig. 2a, b . Fig. 2a, b , the presence of Si-Cl bond is firmly demonstrated by the appearance of polar chlorine Cl (2p) peaks in the high-resolution XPS spectra.
In Fig. 3a , b, the glass slide has two chemical states of nitrogen represented by the peak at 399.7 eV for H-N-H bond and the second peak at 400.9 eV for Si-N bond [18] [19] [20] . The -NH 2 groups probably interact with other silanol groups by hydrogen bonding, explaining the high binding energy values compared with the other examples from the literature data (399.7 vs. 399.3 eV) [21] [22] [23] . The N 1 s (400.9 eV) photoelectron peak confirms that nitrogen in the glass slide has different bonding states, possessing higher binding energy than that of Si-N configuration (400.3 eV) [24] . This is also a little difference from the reported peak positions of silicon oxynitride [25] . In this case, the amine groups would be interacting with the surface silane groups withdrawing their protons [26] and causing the appearance of the peak due to protonic species at a higher binding energy. This suggests that the bond structure is Si-N protonated. Two chemical states of the N 1 s spectrum for the glass slide accord with the predesigned experimental route.
In Fig. 4a, b , the N 1 s spectra for the glass slide show an asymmetric and wide peak that is fitted by two components: one attributing to -NH 2 (399.7 eV), and the other, to Si-N (401.0 eV) protonated. But the increase of the peak area of N (1 s) binding energy at 407.1 eV [27] suggests that the bond structure is -NO 2 . In this case, some of the -NH 2 groups were converted into -NO 2 (407.2 eV) groups in aqueous condition as shown in Fig. 4a . A few -NH 2 groups were converted into -NO 2 (407.1 eV) groups under anhydrous condition as shown in Fig. 4b . Therefore, the numbers of -NH 2 groups converted into -NO 2 under aqueous condition are higher than those under anhydrous condition.
Glass slide surface morphology by SEM and AFM
A PAM-incorporated glass slide was imaged using SEM to investigate the surface morphology. A representative image is shown in Fig. 5a , which reveals a topology that is not completely smooth. Many interconnected nodules are apparent on the surface. There is also another polymer layer under the nodules. Hydrolysis reaction would probably happen under aqueous condition because of the water in the system, and it would generate irregular bimolecular layer on the surface of the glass slide. A similar granular surface pattern is shown in Fig. 5b , which indicates that the PAM was polymerized on the glass slide surface.
AFM images of the PAM-incorporated glass slide under aqueous condition are shown in Fig. 6a , b, respectively. It can be seen from the scanned AFM images in Fig. 6a that the PAMincorporated glass slide under aqueous condition has more numerous bumps, pits, and nodules. In Fig. 6b , there is obviously a two-tier structure on the glass slide surface. Figure 7a , b shows AFM images of the PAMincorporated glass slide under anhydrous condition scanned at 10 μm 2 area. In Fig. 7a , the glass slide is relatively flat, but distinctive circular and oval particles are visible as islands. In Fig. 6b , the glass slide presents a relatively monolayer structure.
Glass slide polymerized more PAM nodules under aqueous condition than under anhydrous condition. The roughness is the significant evidence embodied the surface morphology. The PAM-incorporated glass slide under aqueous condition had a higher surface roughness of 150.46 nm than that under anhydrous condition of 130.72 nm. It is known that this heterogeneity of glass slide can result in adsorption of small polar molecules, such as water, and this can promote an interaction of PAM by hydrolysis at these sites [28] . Therefore, it is probably prone to hydrolysis, resulting in an irregular two-tier structure on the glass slide surface due to the presence of water. It is difficult to control hydrolysis reaction in the system. As a result, the thickness of PAM molecular layer and the density of -NH 2 on the surface are uncontrollable, and the reproducibility is not satisfactory. Compared with those under aqueous condition, the controllability of the molecular layer on glass slide and the reproducibility under anhydrous condition are much better, which makes anhydrous condition an advisable condition for the study of the reaction mechanisms of glass slide modified by PAM. AFM images confirmed a complete surface coverage of a similar topology which is concordant with what is observed in the SEM image.
As an aside, we have assigned the N (1 s) peak at 399.7 eV to the NH 2 functionality, but it is worth noting that this peak can be deconvoluted into two different nitrogen species at 399.7 and 400.9 eV, which are a characteristic of an amine and a protonated amine group (ammonium), respectively [29, 30] .
Conclusions
The presence of PAM on glass slide is firmly demonstrated by the presence of polar chlorine Cl (2p) peaks and the change in the intensity of elemental N (1 s) peaks in the high-resolution XPS spectra. AFM and SEM provide detailed images of the surface morphology of the PAM layer. A major factor determining nodule density and surface morphology is the solvent of the reaction. PAM grown on glass slide under anhydrous condition resulted in the formation of continuous monolayer. The grown nodules can provide a continuous undulating sheet across glass slide. However, PAM grown on the glass slide surface under aqueous condition polymerized into a two-tier structure. Different applications of PAM layer have different requirements, according to its modification methods and reaction conditions to prepare for PAM layers with specific thickness, condensation degree, and amino group density. The application of PAM-modified glass slide will be greatly promoted in various fields, especially in biology and nanoscale material applications. 
